To study whether an increase of plasma leptin concentrations, as observed in the case of increased body weight, is associated with an inflammatory state. SUBJECTS: Sixty-three healthy subjects with body mass index (BMI) ranging from 20 to 61 kg=m 2 . MEASUREMENTS: Plasma concentrations of leptin, the inflammatory parameter soluble TNF-a receptors (TNFR55 and TNFR75), the acute phase proteins lipopolysaccharide binding protein (LBP), serum amyloid A (SAA), a-acid glycoprotein (AGP), C-reactive protein (CRP), plasminogen activator inhibitor-1 (PAI-1) and the anti-inflammatory soluble Interleukin-1 decoy receptor (sIL-1RII) were measured. RESULTS: As expected, BMI correlated significantly with leptin (r ¼ 0.823, P < 0.001), but also with all acute phase proteins, both soluble TNF receptors and PAI concentrations. After correction for BMI and sex, no significant correlation between leptin and the acute phase proteins was seen. Interestingly, however, leptin strongly correlated with both TNF receptors (r ¼ 0.523, P < 0.001 for TNFR55 and r ¼ 0.438, P < 0.001 for TNFR75). CONCLUSIONS: This study shows the development of a pro-inflammatory state with increasing body weight. The BMI independent relationship between leptin and both soluble TNF-receptors is consistent with a regulatory role for leptin in the inflammatory state in morbidly obese subjects.
Introduction
Leptin, the product of the Ob gene, 1,2 is considered to be involved in satiety regulation and obesity. Leptin is primarily expressed in adipose tissue 3 and studies in mice show a central role for leptin in food intake and regulation of energy balance. 4 -7 Leptin-deficient mice (ob=ob mice) or leptin-receptor deficient mice (db=db mice) develop obesity. 8, 9 Administration of leptin to ob=ob mice increases energy expenditure, decreases body weight and normalises hyperglycaemia, insulin resistance and hyperinsulinaemia. 10 -12 In addition, it has been demonstrated that the administration of exogenous leptin to ob=ob mice prevents LPS and TNF-a-induced lethality. 13, 14 Next to this, other reports also indicate that leptin has immunoregulatory and immunoprotective effects. 14 -16 Human obesity is characterised by increased plasma leptin concentrations. Furthermore, obesity is associated with decreased longevity and increased morbidity due to a variety of disorders and diseases such as cardiovascular diseases, type 2 diabetes mellitus, hypertension and hyperlipidaemia. 17 Several studies suggest a pathophysiological role of inflammatory markers in the development of insulin resistance and cardiovascular diseases. 18 It has been demonstrated in vivo and in vitro that TNF-a plays a role in mediating insulin resistance. 19 -23 Overall, it appears that upregulation of inflammatory markers is involved in the development of obesity-related diseases.
Several studies have suggested an enhanced inflammatory state in morbidly obese patients as evidenced by increased plasma concentrations of cytokines and acute phase proteins 24 -28 without direct clinical evidence of acute or chronic inflammation in these patients. The underlying mechanism of these elevated plasma concentrations of inflammatory markers and their role in the pathophysiology of morbid obesity is still unknown. We hypothesized that leptin is involved in the induction of this enhanced inflammatory state in obese subjects. In order to study this, we investigated the relation between body mass index (BMI), leptin and inflammatory markers in a group of subjects ranging in BMI from 20 to 61 kg=m 2 .
Subjects and methods
In total 63 subjects were included in the study. These 63 subjects were selected to create a study population with a wide range of BMIs. Thirty-eight subjects were admitted to the Surgical Department of the University Hospital Maastricht to undergo surgical treatment for morbid obesity. The majority of these patients (n ¼ 32) underwent a primary operation for morbid obesity (vertical banded gastroplasty (VBG) or LapBand, BMI range from 37 to 61 kg=m 2 ). The remaining six patients underwent a gastric bypass as revision surgery. Revision was necessary because of excessive weight loss (n ¼ 1) or weight regain as a result of a staple line disruption (n ¼ 5; BMI range 23 -46 kg=m 2 ). Twentyfive healthy subjects were included, matched for gender and age. All subjects were otherwise healthy according to history, clinical examination and routine laboratory findings. In particular, none of the studied subjects had any evidence of acute or chronic inflammatory disease. Of the morbidly obese patients two had type 2 diabetes mellitus and one had hypertension. No patient had signs of cardiovascular disease. Characteristics of the subjects are presented in Tables 1 and 2 .
Blood samples were collected after at least 8 h fasting using evacuated blood collection tubes containing EDTA. In the patient group blood samples were taken at the day of admission to the hospital, one day before surgery. The blood samples were immediately put on melting ice, and plasma was prepared by centrifugation at 1400 g for 10 min at 4 C. The supernatant was centrifuged at 2700 g for 10 min at 4 C and stored in aliquots at 780 C. All participants gave written informed consent and the study was approved by the local ethical committee of the Academic Hospital Maastricht.
Reagents and materials
Monoclonal antibodies (mAbs) specifically directed against soluble TNF-a receptor 55 (TNFR55) and soluble TNF-a receptor 75 (TNFR75) were obtained as described elsewhere. 29 Polyclonal rabbit antisera anti-TNFR55 and anti-TNFR75 were obtained by immunising rabbits with TNFR55 and TNFR75, respectively.
Human Immunoassays Plasma concentrations of both soluble TNF-a receptors, LBP, SAA, CRP and AGP concentrations were measured using sandwich ELISAs. TNFR55, TNFR75 and LBP were detected as described elsewhere. 29, 30 These ELISAs had a lower detection limit of approximately 100 pg=ml. Plasma CRP and AGP concentrations were measured using ELISAs developed in our institute. ELISA plates were coated overnight with polyclonal anti-human CRP and AGP respectively. Diluted plasma samples (1 : 500 for CRP and 1 : 200 000 for AGP) and a standard dilution series with human rCRP and rAGP, respectively, were added to the plate. Detection for CRP occurred with a HRP-labelled polyclonal rabbit anti-human CRP followed by substrate. Detection for AGP was carried out with a biotinylated polyclonal rabbit anti-human AGP IgG, followed by peroxidase-conjugated streptavidin and substrate. SAA was quantified as described previously. 19 The detection limit for the SAA assay was 100 pg=ml.
Plasma leptin concentrations were measured using a commercially available leptin ELISA (BioVendor, Brno, Obesity and cytokines FMH van Dielen et al Czech Republic). The detection limit of this assay is 0.2 ng=ml. PAI-1 concentrations were measured using an Elisa kit, kindly provided by Dr T Kooistra, Leiden, The Netherlands. In short, microtitre strip plates were coated with a highaffinity mAb against PAI-1. Detection for PAI-1 was carried out using a HRP-labelled antibody conjugate followed by TMB.
For sIL-1 RII detection, plates were coated with mAbs against sIL-1 RII. The reagents were kindly provided by Hbt (Uden, The Netherlands) in the context of a European Commission grant (grant BIO4-CT97-2107). After adding the samples, detection was carried out with a biotinylated polyclonal rabbit anti-human sIL-1 RII, followed by peroxidase-conjugated streptavidin and substrate.
All plasma samples were analysed in the same run. When plasma concentrations exceeded the upper detection limit of the assay, samples were additionally diluted and analysed in a separate run with an overlap to correct for inter-assay variation. The intra-and inter-assay coefficients of variance of the various assays were all < 10%.
Statistical analysis
Pearson correlation coefficients were computed between the parameters under investigation. In addition, partial correlation coefficients were calculated for leptin and inflammatory markers, adjusted for BMI and gender.
Group comparisons were performed by unpaired Student's t-test. Statistical analyses were done using the SPSS 10.0.5 statistical package. All P-values are two-tailed and a value of P < 0.05 was considered statistically significant. Tables 1 and 2 summarise the characteristics of the 63 subjects studied. The population showed a distribution of BMI between 20 and 61 kg=m 2 from lean to morbid obese subjects. The study group was divided into two groups to separate morbidly obese subjects (BMI ! 40 kg=m 2 ) from non-morbidly obese subjects (BMI < 40 kg=m 2 ).
Results

Study group
BMI and leptin
Plasma leptin concentrations in the overall study population ranged from 0.8 to 82 ng=ml. These concentrations correlated strongly with BMI (r ¼ 0.82, P < 0.001, Figure 1 ). Morbidly obese subjects had a mean plasma leptin concentration of 52.7 AE 19.8 ng=ml. In these morbidly obese patients, leptin also significantly correlated with BMI (r ¼ 0.61, P < 0.001). Lean subjects (BMI < 25) showed a mean plasma leptin concentration of 7.6 AE 4.8 ng=ml.
BMI and acute phase proteins
Previous studies suggested an increase of markers of the acute phase reaction in morbid obesity. 27, 31 To further evaluate the presence of proteins characteristic for the acute phase reaction, plasma concentrations of the pentraxin CRP, a1-AGP, SAA and LBP were measured. As depicted in Table 3 , CRP and SAA showed the most marked increase in plasma concentrations in relation to BMI. CRP concentrations in morbidly obese subjects were approximately 20 times the normal values and ranged from 0.13 to 56.6 mg=ml (median 8.2 mg=ml). These values correlated significantly with BMI concentrations (r ¼ 0.547, P < 0.001). Plasma concentration of SAA increased approximately 10 times the normal values and ranged from 0.03 to 6.01 mg=ml (median 1.2 mg=ml) and also correlated significantly with BMI (r ¼ 0.371, P < 0.01). Furthermore both CRP and SAA correlated with leptin (r ¼ 0.530, P < 0.001 and r ¼ 0.356, P < 0.01, respectively).
Plasma concentrations of AGP and LBP revealed a weaker, but still significant correlation with BMI. In the studied group AGP ranged from 0.34 to 1.96 mg=ml and showed a significant correlation with BMI (r ¼ 0.284, P < 0.05). Lean subjects showed a mean plasma AGP concentration of 0.88 AE 0.2 mg=ml; in morbidly obese subjects mean plasma AGP concentrations were approximately 1.3 times higher (1.12 AE 0.4 mg=ml).
LBP ranged from 3.68 to 45.82 mg=ml (in lean subjects mean 10.7 AE 3.3 mg=ml, in obese subjects 14.9 AE 6.6 mg=ml, 1.5 times higher compared to lean subjects; correlation with BMI: r ¼ 0.275, P < 0.05). AGP and LBP correlated also with leptin (r ¼ 0.354, P < 0.01 for AGP and r ¼ 0.336, P < 0.01 for LBP, respectively).
BMI and plasminogen activator inhibitor-1
The above-mentioned increase in CRP, SAA, AGP and LBP is supposed to be caused by enhanced production of these proteins by hepatocytes. Another protein which is associated PAI-1) . This protein is mainly produced by endothelium. Measurement of PAI-1 may give additional information concerning the involvement of extra hepatic processes in the enhanced inflammatory process in morbidly obese patients. Plasma concentrations of PAI-1 were measured in the study group and correlated with BMI. PAI-1 concentrations ranged from 0.12 to 113.44 ng=ml (median 14.92 ng=ml) and significantly correlated with BMI (r ¼ 0.419, P < 0.001), suggesting an enhancement of extrahepatic inflammatory markers with increasing body weight.
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BMI and soluble TNF-a receptors
In order to further evaluate the relation of a possible chronic systemic inflammatory response with increasing leptin concentrations, soluble TNF receptors (TNFR55 and TNFR75) were measured. Plasma concentrations of TNFR55 and TNFR75 ranged from 0.30 to 0.99 ng=ml and 0.45 to 1.94 ng=ml, respectively. A significant positive correlation was found between BMI and TNFR55 (r ¼ 0.421, P < 0.001). Lean subjects showed a mean plasma concentration of 0.52 AE 0.1 ng=ml, obese subjects 0.69 AE 0.17 ng=ml. TNFR75 was, to a lesser extend, also significantly related to BMI (r ¼ 0.274, P < 0.05). Lean subjects had a mean plasma concentration of 1.01 AE 0.21 ng=ml; obese subjects 1.22 AE 0.37 ng=ml.
BMI and sIL-1 RII
Inflammation is associated with an increase of pro-and antiinflammatory activity. In order to study the effect of increasing BMI and activation of an inflammatory response, the soluble IL-1 decoy receptor (sIL-1 RII) was measured because it is demonstrated to have anti-inflammatory properties. Plasma concentrations of sIL-1 RII ranged from 0.93 to 5.6 ng=ml (median 0.93 ng=ml) and significantly correlated with BMI (r ¼ 0.323, P < 0.01).
Leptin, TNF-Rs and acute phase proteins
In order to study the direct effect of leptin on inflammatory markers, partial Pearson correlations, corrected for BMI (an indirect measure of fat mass) and gender, were performed. The correction for gender was performed because gender and leptin correlated, independently of BMI, significantly with each other (P < 0.001). As depicted in Table 4 , after correction, no correlation between leptin and the acute phase proteins was demonstrated, suggesting that the relationship between leptin and the acute phase response is actually a reflection of fat mass. In a multiple regression analysis ***P 0.001; **P < 0.01; *P < 0.05.
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including BMI, leptin and gender as independent variables, only BMI was a significant independent determinant of CRP (P ¼ 0.045). However, leptin was found to be correlated with both TNF-Rs (r ¼ 0.529, P < 0.001 for TNFR55 and r ¼ 0.438, P < 0.001 for TNFR75; Figure 2A ) despite correction for BMI and sex. Moreover, when the studied group was divided into two subgroups and corrected for BMI and sex (BMI ! 40 and BMI < 40) leptin strongly correlated in the group BMI ! 40 with both TNF-Rs (r ¼ 0.717, P < 0.001 for TNFR55 and r ¼ 0.589, P ¼ 0.002 for TNFR75). However, in the group BMI < 40, leptin did not correlate with TNFR55 and TNFR75 (r ¼ 0.294, P ¼ 0.096 and r ¼ 0.151, P ¼ 0.402, respectively). These correlations between leptin and the plasma concentrations of both TNF-Rs are consistent with an enhancement of these inflammatory markers by leptin, particularly in morbidly obese subjects. In line with an enhanced inflammatory response, the concentrations of TNFR55 and TNFR75 also correlated strongly with each other (r ¼ 0.83, P < 0.001, Figure 2B ).
Discussion
This study examines the association of BMI, leptin and the development of an inflammatory state in obese subjects. A number of inflammatory parameters were measured to characterise the acute phase type of response in the study population. Significant correlations between BMI and leptin, CRP, SAA, LBP and AGP were found. The highest correlations were found between BMI and leptin, followed by BMI and CRP, BMI with SAA, BMI with LBP and BMI with AGP respectively. These data are supported by the observations of Yudkin et al.
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Next to the acute phase proteins, TNFR55 and TNFR75 were measured. It is known that during experimental endotoxemia, TNF-Rs levels are significantly increased and remain, in contrast to systemic TNF-a, elevated for a longer period of time. 32 -34 Therefore, soluble TNF-a receptor levels appear to be of value in characterising an inflammatory response. 35, 36 Moreover, in obese subjects increased plasma concentrations of both TNF-Rs were reported, 37 another argument to measure TNF-Rs. Corica et al described a positive correlation between BMI and TNFR55, 38 whereas others reported an increase of TNFR75 with increasing body weight. 39 In the present study we observed an increase in plasma concentrations of both TNF-Rs with increasing BMI. Moreover, the association between leptin and both TNF-Rs was highly significant. Next to this, the acute phase protein concentrations also correlated strongly with leptin. These observations suggest a possible role for leptin in the acute phase response observed with increasing body weight and could be an indication for a more central role of leptin in the inflammatory process in these patients.
A more central role for leptin in inflammatory processes is also supported by recent studies indicating a regulatory effect of leptin on the immune response. Firstly, leptin is able to induce upregulation of pro-inflammatory cytokines, both in vivo and in vitro. 40 Secondly, leptin-deficient mice show increased lethality after LPS challenge which could be prevented by leptin suppletion 13, 14 and thirdly, leptin modulates the T-cell immune response by increasing Th1-and suppressing Th2-cytokine production. 15 These findings indicate a role for leptin in the immune response. In this context, the elevated plasma leptin concentrations in morbidly obese patients may enhance constitutive immunological stimuli, leading to increased concentrations of acute phase proteins and other inflammatory markers, characteristic for a chronic inflammatory state.
However, because BMI also strongly correlates with the different inflammatory parameters measured, these data were corrected for BMI and sex. After correction for BMI and sex, no correlation between leptin and the acute phase proteins was found, indicating that, besides leptin, fat mass itself is also involved in the acute phase response. Figure 2 Significant correlation between leptin and both TNF-Rs. The effect of BMI and sex on these parameters was excluded by performing partial correlation analysis. A significant correlation was found between leptin and both TNF-Rs after correction for BMI and sex (A). Both TNF-Rs also strongly correlated with each other after correction for BMI and sex (B).
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Nevertheless, leptin correlated independently of BMI with both TNF-Rs, which is consistent with a role of leptin in the enhancement of these inflammatory markers.
Most interestingly, when the total group studied was divided into two groups (non-morbidly obese subjects (BMI < 40 kg=m 2 ) and morbidly obese subjects (BMI ! 40 kg=m 2 )) leptin and both TNF-Rs correlated strongly with leptin in the BMI ! 40 group, whereas such a correlation was not found in the BMI < 40 group. The reason for this apparent discrepancy of the correlation between leptin and both TNF-Rs in these groups remains to be resolved. Interestingly, we have also found significant independent correlations between leptin and TNF-Rs in cachectic patients. Cachexia is defined by loss of lean tissue mass. However, in the studied patient-group a loss of lean tissue mass was present despite preservation of fat mass. 41 During an inflammatory process acute phase protein production is assumed to be enhanced in hepatocytes. However, whether hepatocytes are responsible for the measured increase of the acute phase proteins with increasing BMI remains to be elucidated. Recent reports indicate that other cells besides hepatocytes can also produce acute phase proteins during an inflammatory process. For example, human intestinal epithelial cells were demonstrated to produce LBP and SAA after stimulation with TNF-a, IL-6 or II-1b. 42 To evaluate whether the increased inflammatory markers, responsible for the enhanced acute phase proteins, will stimulate not only hepatocytes but other cells as well, PAI-1, a product of endothelial cells, was measured. It is known that plasma concentrations of PAI-1 increase during an inflammatory response. 43, 44 In this report PAI concentrations were found to be related to BMI and TNFR55, suggesting that the enhanced inflammatory response in obese subjects is not restricted to the liver. Furthermore, a positive correlation between leptin and PAI-1 concentrations was seen.
In order to further evaluate the observed systemic inflammatory process in obese subjects, plasma concentrations of the anti-inflammatory mediator sIL-1 RII were also measured. During an inflammatory process, the production and release of this anti-inflammatory soluble receptor is shown to be enhanced. 45 In the present study a weak, but significant, correlation between plasma concentrations of sIL-1 RII and BMI was found, suggesting that not only a pro-inflammatory, but also an anti-inflammatory process is enhanced with an increase in body weight.
Several recent studies suggest a relation between inflammatory markers and the development of obesity-related disorders, like cardiovascular diseases and type 2 diabetes mellitus. 18,20,46 -48 Elevated plasma concentrations of PAI-1, but also CRP and SAA are related with an increased risk for cardiovascular diseases. 49 -52 Furthermore, it is reported that TNF-a plays a major role in the development of insulin resistance. 20, 47, 48 The present study demonstrates that with increasing body weight a systemic inflammatory state develops and that leptin specifically correlated with both TNF-Rs in morbidly obese subjects, suggesting that leptin plays a role in the enhancement of the inflammatory activity in these morbidly obese subjects, eventually leading to obesity related disorders.
The origin of the pro-inflammatory cytokines, responsible for the induction of the inflammatory state in obese subjects, could be adipose tissue. It was previously shown that leptin as well as TNF-a and IL-6 are produced in adipose tissue and increase with increasing body weight. 19,20,31,38,40,53 -58 Next it was recently demonstrated in animal studies that adipocytes express the receptors for microbial toxins such as LPS (the Toll-like receptor-2 and 4), suggesting an important role for adipose tissue in the immune response. 59 In summary, the present study shows the enhancement of an inflammatory state with increasing plasma leptin concentrations due to increased body weight. The strong correlation of the inflammatory markers with leptin, particularly in morbidly obese subjects, is consistent with a role for leptin in the regulation of the inflammatory state in these subjects.
